This study demonstrates the compositional and structural analysis of surface sediments in natural depositional environment of the Brahmaputra River using X-ray fluorescence, Raman spectroscopic and Fourier transform infrared spectroscopic techniques. 
Introduction
Geochemical studies of sediments are helpful in understanding the different sediment sources, element distribution pattern and evaluating the environmental conditions existing in an area. The mineralogical properties of sediments reflect the geological history of transport and sorting process. The dissolved chemical load and sediment flux of the Brahmaputra river has significantly higher rates of physical and chemical weathering than other large Himalayan catchments [1] - [7] . In total, the Brahmaputra carries over 73 million tons of dissolved material annually, which accounts for approximately 4% of the total dissolved flux to the oceans [7] . The focus on mineralogical, geochemical and geophysical studies and chemical composition of sediments of many Indian rivers were done by many authors [8] - [18] . As river sediments act as both source and sink for heavy metals therefore contaminants may eventually pass through the food chain and result in a wide range of adverse environmental effects. The estimation of silicate distribution in sediments is important because the total CO 2 consumption by silicate weathering can be approximated by the total molar charge equivalents of all cations generated by silicate weathering. In many weathering environment, the chemical weathering of silicate minerals results in the formation of secondary clays. The heavy metal contaminations and silicate mineral distribution in sediments due to weathering of the Brahmaputra river tributaries have been discussed elsewhere by Saikia et al. [19] [21] . This spectroscopic study is conducted to evaluate the concentration of clay and metals due to the natural and anthropogenic activities of the Brahmaputra river, which helps to assess the ecotoxic potential of the river sediments.
Experimental Methods
The surface sediment samples were collected from six locations viz. Sadiya (27˚49ˊ33˝N, 95˚38ˊ54˝E), Dibrugarh (27˚29ˊ22˝N, 94˚54ˊ58˝E), Dikhomukh (26˚59'20''N, 94˚24'42''N), Dhansirighat (26˚41'17''N, 93˚35'55''E), Kaziranga (26˚45ˊ02˝N, 93˚26ˊ49˝E) and Silghat (26˚36'50''N, 92˚55ˊ58˝E) of the Brahmaputra river (Figure 1 ) and in each locations, five samples were collected at a depth 10 to 30 cm. The sample sites Sadiya, Dibrugarh, Dikhomukh Dhansirighat, Kaziranga and Silghat are denoted S1, S2, S3, S4 and S5 respectively. To eliminate the possibility of materials of the local origin, special care is taken on the sample collection by collecting about 50 -100 meters away from the stream. Generally, in these sample collection locations, the sediments have been deposited by the river during the summer season or in flood, therefore, all samples are collected in winter the season.
The samples are allowed to dry and the moisture contents are removed by heating the samples at temperature 110˚C for 10 min. The composition of the sediment samples were determined using a Philips MagiX PRO wavelength dispersive X-ray spectrometer with a rhodium anode X-ray tube was used, which may operated at up to 60 kV and current up to 125 mA, at a maximum power level of 4 kW. The precision and accuracy of the data is ±2%, and average values of three replicates were taken for each determination.
The sediment samples were crushed into fine powder for analysis. The powdered sample was homogenized in spectrophotometric grade KBr (1:20) in an agate mortar and was pressed with 3 mm pellets using a hand press. The infrared spectrum was acquired using Perkin-Elmer system 2000 FTIR spectrophotometer with heliumneon laser as the source reference, at a resolution of 4 cm -1 . The spectra were taken in transmission mode in the region 400 -4000 cm −1 . The room temperature was 30˚C during the experiment. Raman spectra were collected using a Ar + excitation source having wavelength 488 nm coupled with a Jobin-Yvon Horiba LabRam-HR Micro Raman spectrometer equipped with an Olympus microscope with 10×, 50× and 100× objectives and a motorized x − y stage and using 1800 gr./mm grating in the range from 100 to 4000 cm −1 . Spectra were generally collected with counting times ranging between 10 and 60 s.
The enrichment factor (EF), contamination factor (CF), index of geo-accumulation (I geo ) and pollution load index (PLI) of the study sediments samples are ascertain by using the standard methods discussed elsewhere [19] .
Results and Discussions
The Raman spectra of the samples and spectral positions are tabulated in the Figure 2 and Table 1 [26] .
The infrared spectra of the studied samples represented in Figure 3 and the spectral positions are tabulated in Table 1 . The infrared spectra have shown bands between 1200 -450 cm -1 confirms the existence of quartz one , 694 cm −1 and 778 cm −1 respectively. The observed doublet at 914 and 936 cm −l can also be recognized by kaolinite. The infrared peak corresponding to the range 536 -541 cm −1 is arising due to Si-O asymmetrical bending vibrations and 641 -649 cm −1 is arising due to Al-O-coordination vibrations and these peaks are indicative to the presence of orthoclase feldspar [27] [28] . In the infrared spectra, the observed band at 777 -780 cm -1 is arises due to Si-O symmetrical stretching vibration (v1), the band at 693 -696 cm −1 is arise due to Si-O symmetrical bending vibration (v2), and the peaks around 468 cm -1 is arise due to Si-O asymmetrical bending vibration (v4) are indicative to quartz. The Si-O symmetrical bending vibrational peak at 695 cm -1 of the octahedral site symmetry is unique to the crystalline materials. All infrared spectra reveals peak at this range, therefore crystalline quartz particles present in the observed samples [28] - [30] . The infrared spectra reveals bands at 1014 -1018 cm −1 are close to the SiO deformation band obtained for kaolinite. The absorption band at 1116 -1120 cm −1 is identical to the Si-O normal to the plane stretching. The observed bands in the range 916 -920 cm −1 are assigned to (Al-Al-OH) deformation respectively. The peaks around 920 cm −1 are attributed to presence of illite [26] [31] . With the view of Keller and Pickett, 1949 , the observed absorption peaks at 1615 -1620 cm −1 in some sites indicate the presence of quartz in river sediments are weathered from metamorphic origin [32] . The infrared peak positions at 1614 and 1620cm −1 observed in the sample S3 and S1 respectively have good agreement with the observation on the quartz mineral obtained by Ramasamy et al., and Saikia et al. [19] [20] [33] .
The doubly degenerate symmetric stretch (ν3) at the region 1510 -1521 cm −1 of the infrared spectra are indicative to carbonates. All infrared spectra exhibits weak absorption bands at 2840 -2842 cm −1 and 2924 -2956 cm −1 arises due to symmetric and asymmetric stretching of CH group which suggest the presence of organic carbon in the studied samples [34] [35] . The OH stretching modes of vibrations in between 3600 to 3800 cm −1 are observed in all samples. Generally four bands were found in this region at around 3620, 3649, 3664 and 3686 cm −1 . These bands were arises due to the v4, v3, v2 and v1 stretching modes of vibrations. The comparative band positions of infrared and Raman are presented in the Table 1 . The observed band positions in this region are similar to that of the band found for kaolinite. The variation or position shift of the OH stretching modes indicates the disorder nature of kaolinite in the samples. The frequency vibrations 3681 -3699 cm −1 (v1), 3664 -3667 cm −1 (v2) and 3650 -3654 cm −1 (v3) are due to the three inner surface hydroxyls whereas the vibrations at 3620 -3623 cm −1 (v1) is due to the inner hydroxyl [36] . The v1 band observed in infrared spectra around 3620 cm −1 has been assigned to the inner hydroxyl of kaolinite by many authors [37] - [40] . Generally the bands v1, v2 and v3 are arises due to the coupled antisymmetric vibrations, symmetric vibrations and due to symmetry reduction from an inner surface hydroxyl respectively [23] [41] [42] .
The oxide composition of the sediments in sample site S1 to S5 is estimated as: SiO 2 (66.74 ± 2.07 wt%), Al 2 O 3 (22.99 ± 2.14 wt%), Fe 2 O 3 (2.04 ± 0.74 wt%), MgO (2.88 ± 1.25 wt%), MnO (0.09 ± 0.08 wt%), CaO (0.72 ± 0.17 wt%), Na 2 O (0.95 ± 0.20 wt%), K 2 O (1.07 ± 0.66 wt%) and TiO 2 (0.94 ± 0.13 wt%). The metal concentrations in the sediment samples of Brahmaputra river are presented in the Table 2 . The concentrations of the elements are compared with different reference data and results of the previous worker Subramanian et al. [9] [10]. Average concentrations of Al, Fe, Ni, Pb, Ti, Zn, K, Ca, Co and Cr are found to be below of their respective reference values. Whereas the concentrations of Si, Mg, Mn and Cu has greater average values than the respective reference values. The concentration of K, Ca and Cr are slightly below the results of the previous worker Subramanian et al. [9] [10]. The world surface rock represents the average lithology subjected to weathering in the hydrosphere. The world surface rock average prescribed by Martin and Meybeck is used as background value for investigation of enrichment factor (EF), contamination factor (CF), index of geo-accumulation (I geo ) and pollution load index (PLI) of the sediments samples [43] . The average concentrations of all observed elements except Si and Mg have less than the world surface rock average as background level. The enrichment factor, contamination factor and geo-accumulation index of the study samples were depicted in Table 3 .
Titanite is a common accessory mineral in sediments from the igneous and metamorphic origin and has affects low due to weathering. * Brahmaputra basin sediment (BBS) [9] ; Indian river sediment average (IRSA) [10] ; Worlds river average (WRA); Worlds sur face rock average(WSRA) [43] ; Worlds soil average (WSA) [49] . and Ca; Cu has strong positive correlation with Ni, Pb, Zn and Co; Ti has strong positive correlation with Ca; Zn has strong positive correlation with Co at this level of significance ( Table 3) . The strong correlation indicates that these elements have common sources. The strong positive correlation among Al, Fe, Mg and K suggests their association with clay. The possible anthropogenic impact in the sediment is ascertain by enrichment factor (EF) based on the standardization of the analyzed element against a reference element. The element which has low occurrence variability is considered as a reference element. Generally geochemical normalization of the heavy metals data to a conservative element, such as Al, Si and Fe is employed. In this study Fe is considered as reference element of normalization because natural sources (1.5%) vastly dominate its input [14] [15] [44] . The calculated enrichment of different elements is presented in Table 4 . According to Mmolawa et al., the categories of enrichment factor are deficiency to minimal enrichment (EF < 2); moderate enrichment (2 ≤ EF < 5); significant enrichment (5 ≤ EF < 20); very high enrichment (20 ≤ EF < 40) and extremely high enrichment (EF ≥ 40) [45] . Table 4 displays the enrichment factor of the all observed elements has a value in the range of minimal enrichment. The enrichment of Cu is relatively higher than other elements.
The index of geo-accumulation (I geo ) is characterized according to the Muller seven grades or classes profile of the geo-accumulation index i.e. the value of sediment quality is considered as unpolluted (I geo is ≤0, class 0); from unpolluted to moderately polluted (I geo is 0 -1, class 1); moderately polluted (I geo is 1 -2, class 2); from moderately to strongly polluted (I geo is 2 -3, class 3); Strongly polluted (I geo is 3 -4, class 4); from strongly to extremely polluted (I geo is 4 -5, class 5) and Extremely polluted (I geo is >6, class 6) [46] . The calculated Igeo values for all elements were negative ( Table 4) . Therefore, according to Muller's classification, Brahmaputra river sediments were unpolluted (class 0). The total index of geo-accumulation (I tot ) is defined as the sum of I geo for all trace elements obtain from the site [47] . The total index of geo-accumulation for the Brahmaputra river sediment is −3.818 ± 0.593.
The metal contamination level of the sediment is ascertained by the level of contamination proposed by Hakanson [48] . According to Hakanson the classifications are: low contamination (CF < 1); moderate contamination (1 ≤ CF < 3); considerable contamination (3 ≤ CF < 6) and very high contamination (CF > 6). All elements except Si, Mg, Mn and Cu has low contamination value ( Table 4 ). The sediment is moderately contaminated due to Si, Mg, Mn and Cu. The relative distributions of the contamination factor among the samples are: Cu > Si > Mn > Mg > Ni > Cr > Ti > Al > Co > Pb > K > Ca > Zn. The value of mean pollution load index of the sediments is estimated as 0.771 ± 0.046. The mean pollution load indexes of all sites suggest no overall pollution and are almost identical to the mean pollution load of the Subansiri river [19] . Table 4 . Enrichment factor, Contamination factor and Geo-accumulation index of the Brahmaputra river sediments. 
Conclusion
Raman and infrared spectra indicate the most abundant constituents of the sediments are crystalline quartz with clay minerals which is identical to the compositional results. All infrared spectra of the studied samples exhibit peaks near 695 cm −1 which indicative to the presence of micro-crystalline quartz particles in the sediment samples. The identical clays are kaolinite, montmorillonite and illite, The other constituents present in the sediment are titanite, hematite, magnetite, pargasite, moganite, geikielite, feldspars (orthoclase, albite), carbonates and organic compounds. The presence of infrared absorption peaks in between 1614 -1620 cm − ) and positive correlation of Ti and Mg (0.97) are indicative to presence of geikielite (MgTiO 3 ) in the samples. The enrichment factor and contamination factor has a minimal value. The mean pollution load indexes of all sites suggest no overall pollution. The overall sediment is moderately contaminated due to Si, Mg, Mn and Cu. The relative distributions of the contamination factor among the samples are: Cu > Si > Mn > Mg > Ni > Cr > Ti > Al > Co > Pb > K > Ca > Zn. The negative value of geo-accumulation index indicates that the mean concentrations of metals Brahmaputra river sediments are lower than world surface rock average.
